I 

I 


AD-A038  060 


UNCLASSIFIED 


ARMY  ENGINEER  WATERWAYS  EXPERIMENT  STATION  VICKSBURG  MISS  F/G  13/2 
COMPARISON  OF  VIBRATION  TEST  RESULTS  FOR  A MOOEL  ANO  PROTOTYPE  ~ETC(U) 
MAR  77  R D CROWSON'  C D NORMAN 


1 


WES-TR-N-77-1 


NL 


I OF  | 
^Pcoaoeo 


MICROCOPY  RESOLUTION  TEST  CHARI 

NATIONAL  BUREAU  OF  STANDARDS- 196 i-.' 


TECHNICAL  REPORT  N-77-1 


COMPARISON  OF  VIBRATION  TEST  RESULTS 
FOR  A MODEL  AND  PROT  JTYPE 
ARCH  DAM 


Roger  D.  Crowson,  Charles  D.  Norman 

Weapons  Effects  Laboratory 
U.  S.  Army  Engineer  Waterways  Experiment  Station 
P.  O.  Box  631,  Vicksburg,  Miss.  39180 


March  1977 
Final  Report 


Approved  For  Public  Release;  Distribution  Unlimited 


Prepared  for  Office,  Chief  of  Engineers,  U.  S.  Army 
Washington,  D.  C.  20314 


under  Work  Unit  No.  31210 


SECURITY  CLASSIFICATION  OF  THIS  PACE  (When  Date  Entered) 


READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 

3.  RECIPIENT’S  CATALOG  . g U £ fl 


REPORT  DOCUMENTATION  PAGE 


H REPORT  NUMBER 


\2.  GOVT  ACCESSION  NO. 


Technical  Report  N-77-1 


5.  TYPE  OF  REPORT  A PERIOD  COVERED 


4.  TITLE  (and  Subtitle) 


COMPARISON  OF  ^IBRATION  JEST  RESULTS  FOR  A 
MODEL  AND  PROTOTYPE  ARCH  DAM  7 


Final  report,  7.S-  - 

6 P^R'Pd'RMlNG  OTTO.  REPORT  NUMBER 


8.  CONTRACT  OR  GRANT  NUMBERS) 


7.  AUTHORf*; 


'Roger  D./Crowson 
i Charles  D./ Norman 

9.  PERFORMINI 

U.  S.  Army  Engineer  Waterways  Experiment  Station 

Weapons  Effects  Laboratory 

P.  0.  Box  631,  Vicksburg,  Miss.  39180 


10.  PROGRAM  ELEMENT.  PROJECT.  TASK 


ORGANIZATION  NAME  AND  ADDRESS 


AREA  4 WORK  UNIT  NUMBERS 


Work  Unit  31210 


11.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 


Office,  Chief  of  Engineers,  U.  S.  Army 
Washington,  D.  C.  2031*+ 


13  NUMBER  OF  PAGES 


15.  SECURITY  CLASS,  (ol  thla  report) 


4.  MONITORING  AGENCY  NAME  ft  ADDRESSf/f  different  from  Controlling  Office) 


Unclassified 


1 5a.  DECLASSIFICATION  'DOWNGRADING 
SCHEDULE 


16.  DISTRIBUTION  STATEMENT  (of  thle  Report) 


Approved  for  public  release;  distribution  unlimited 


17.  DISTRIBUTION  STATEMENT  (ol  the  abatract  entered  In  Block  20,  It  different  from  Report) 


18.  SUPPLEMENTARY  NOTES 


19.  KEY  WOROS  (Continue  on  reverae  aide  If  necaeeary  and  Idantlty  by  block  number) 


Models 

North  Fork  Dam 
Vibration  tests 


Arch  dam 

Dynamic  characteristics 
Dynamic  tests 
Hydrodynamic  pressures 


■ee  aide  If  rreceeeery  mtd  Identify  by  block  number) 


20.  ABSTRACT  (Cantfoue 

Vibration  tests  were  conducted  on  both  the  prototype  and  a l:2li-scale  mode 
of  the  North  Fork  Dam,  a double  curvature  arch  dam,  to  determine  natural  fre- 
quencies, mode  shapes,  damping  ratios,  and  hydrodynamic  pressures.  Two  vibra- 
tors mounted  on  the  crest  of  the  dam  were  used  as  input  excitation  sources  for 
both  series  of  tests.  Electromagnetic  shakers  capable  of  a UO-lb  output  were 
used  in  the  model  tests,  while  counterrotating,  eccentric  mass  exciters  capable 
of  a 5000-lb  output  were  employed  for  the  prototype.  Velocities  (Continued) 


Unclassified 

SECURITY  CLASSIFICATION  or  THIS  PAGE  fWlwn  DM.  Entered) 


Unclassified 

SECURITY  CLASSIFICATION  OF  THIS  PAGEfRhan  Dm la  Snlmnd) _____ 

20.  ABSTRACT  (Continued). 

were  measured  along  the  crest  and  downstream  face  of  the  model,  whereas 
accelerations  were  measured  in  the  same  locations  on  the  prototype.  Measure- 
ments in  both  curves  were  taken  at  the  dam-reservoir  interface  while  the  struc- 
tures were  excited  at  resonant  frequencies. 

Variations  in  the  measured  natural  frequencies  for  the  model  and  prototype 
ranged  from  approximately  3 percent  for  the  third  and  fourth  modes  to  approxi- 
mately 25  percent  in  the  second  mode.  Comparisons  of  corresponding  mode  shapes 
were  quite  good.  A linear  three-dimensional  finite  element  code,  SAP,  was  also 
used  to  compute  mode  shapes  and  natural  frequencies  for  the  dam.  This  ana- 
lytical calculation  was  very  accurate,  as  the  variation  in  prototype  and  pre- 
dicted natural  frequencies  ranged  from  less  than  1 percent  for  modes  3 and  1* 
to  11.6  percent  for  mode  2.  The  finite  element  analysis  also  indicated  the 
first  natural  frequency  (compression  mode)  to  be  very  close  to  the  first  bend- 
ing modal  frequency.  In  both  model  and  prototype  tests  these  two  modes  could 
not  be  separated,  and  the  compression  mode  was  not  excited. 

Damping  in  both  model  and  prototype  ranged  from  approximately  2 to  5 per- 
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PREFACE 


This  study  was  conducted  during  the  period  July  1973-May  1976  by 
personnel  of  the  U.  S.  Army  Engineer  Waterways  Experiment  Station 
(WES)  under  the  sponsorship  of  the  Office,  Chief  of  Engineers  (OCE). 

The  work  was  funded  under  the  Material  Interaction  Program,  Work  Unit 
No.  31210,  "Dynamic  Response  Studies  on  Arch  Dams."  Mr.  Lucian  Guthrie, 
Engineering  Division,  OCE,  was  the  Technical  Monitor. 

This  work  was  conducted  under  the  supervision  of  Messrs.  W.  J. 
Flathau,  Chief  of  the  Weapons  Effects  Laboratory  (WEL),  and  J.  T. 
Ballard,  Chief  of  the  Structures  Division  (SD),  WEL.  Various  phases 
of  the  study  were  directed  by  Dr.  J.  P.  Balsara  and  Messrs.  R.  D. 

Crowson  and  C.  D.  Norman,  SD.  The  experimental  work  conducted  on  the 
prototype  dam  was  performed  by  the  University  of  California  (UC), 
Berkeley,  California,  under  a contract  to  WES  and  directed  by  Pro- 
fessor R.  W.  Clough  and  Mr.  R.  M.  Stephen.  Acknowledged  for  their 
efforts  in  assisting  with  the  tests  and  arranging  for  preparatory  work 
at  the  dam  site  are  Mr.  R.  Parsons,  UC;  Messrs.  Bill  Heyenbruch  and 
Larry  Smith  of  the  U.  S.  Army  Engineer  District,  Sacramento;  and  dam 
caretaker  Mr.  Ray  Wardrobe.  This  report  was  prepared  by  Messrs.  Crowson 
and  Norman. 

Directors  of  WES  during  the  conduct  of  this  study  and  the  prepara- 
tion of  this  report  were  COL  G.  H.  Hilt,  CE,  and  COL  J.  L.  Cannon,  CE. 
Technical  Director  was  Mr.  F.  R.  Brown. 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (Si) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units  of  measurement  used  in  this  report  can  be  con 


verted  to  metric  (Si) 

Multiply 

inches 

feet 

miles  (U.  S.  statute) 

pounds  (force) 

kips  (force) 

pounds  (force) 
per  square  inch 

feet  per  second 

kip-feet 

win.  per  kip-foot 

yin.  per  kip 

horsepower  (550  foot- 
pounds per  second) 

386.4  inches  per 
second  per  second 

degrees  (angular) 


units  as  follows: 

By 

2.5** 

0.3048 
1.609344 
4.448222 
4448.222 
6894.757 

0.3048 
1355.818 

1.874  x 10' 
5.710  x 10' 
745.6999 
9.81456 
0.01745329 


To  Obtain 

centimetres 

metres 

kilometres 

newtons 

newtons 

pascals 

metres  per  second 

kilonewton-metres 

millimetres  per 
kilonewton-metre 

millimetres  per 
kilonewton 

watts 

metres  per  second 
squared 

radians 


COMPARISON  OF  VIBRATION  TEST  RESULTS  FOR 
A MODEL  AND  PROTOTYPE  ARCH  DAM 

PART  I : INTRODUCTION 

1.  In  order  to  develop  better  design  procedures  for  concrete  dams 
subjected  to  earthquake  forces,  an  understanding  of  the  significant 
parameters  that  influence  the  dynamic  properties  of  such  structures  is 
necessary.  Assumptions  regarding  geometry,  boundary  conditions,  and 
interaction  with  the  foundation  and  reservoir  can  significantly  affect 
earthquake  response  calculations.  Vibration  tests  provide  a means  of 
experimentally  determining  dynamic  properties  of  dams  and  evaluating 
the  various  parameters  that  influence  these  properties.  The  experi- 
mentally determined  dynamic  properties  can  then  be  used  to  verify  modern 
computational  procedures  currently  being  developed  for  the  dynamic 
analysis  of  large  concrete  structures. 

2.  The  North  Fork  Dam  program  was  initiated  in  an  effort  to 
effectively  study  the  dynamic  response  characteristics  of  a concrete 
arch  dam  through  the  use  of  model  and  prototype  vibration  tests  together 
with  three-dimensional  (3-D)  linear  dynamic  finite  element  analysis. 
Results  of  the  model  tests  and  analysis  have  previously  been  reported  in 
References  1,  2,  and  3.  Results  of  the  prototype  tests  and  analysis 
together  with  comparisons  with  model  test  results  are  reported  herein. 

3.  The  North  Fork  Dam,  located  near  A.uburn,  California,  on  the 
North  Fork  of  the  American  River  (Figure  l),  was  built  in  1939  to  trap 
sediments  from  upstream  mining  operations.  It  is  a constant-angle 
arch  with  a maximum  height  of  155  ft,*  a crest  length  of  620  ft,  and  a 
crown  thickness  that  varies  from  22  ft  at  the  base  to  6.8  ft  at  the 

I 

crest.  The  overflow  spillway  is  a section  200  ft  long  near  the  center 
• of  the  dam  and  is  depressed  3 ft  below  the  normal  crest  elevation.  The 

reservoir  is  very  narrow,  having  a maximum  width  of  about  TOO  ft  and  a 


* A table  of  factors  for  converting  U.  S.  customary  units  of  measure- 
ment to  metric  (Si)  units  is  presented  on  page  h. 
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length  of  about  5 miles.  Completion  of  the  Auburn  Dam  5 miles  down 
stream  will  cause  the  North  Fork  Dam  to  be  completely  inundated.  T 
North  Fork  Dam  is  shown  in  Figure  2 with  plan  and  profile  shown  in 
Plates  1 and  2,  respectively. 


North  Fork  Dam 


PART  II:  TESTING  EQUIPMENT  FOR  PROTOTYPE  DAM 


k.  Vibration  tests  were  performed  on  the  North  Fork  Dam  to  deter- 
mine the  dynamic  characteristics  of  the  structure.  Natural  frequencies, 
mode  shapes,  structural  damping,  and  hydrodynamic  pressures  were  the 
parameters  of  interest.  The  tests  were  conducted  by  personnel  of  the 
University  of  California  (UC),  Berkeley,  California,  and  the  U.  S.  Army 
Engineer  Waterways  Experiment  Station  (WES)  during  the  period  September- 
October  197*+.  Types  of  equipment  used  during  the  tests  are  described 
in  the  following  paragraphs. 

Vibration  Generators 

5.  Two  vibration  generators,  mounted  on  either  side  of  the  spill- 
way, were  used  throughout  the  test  series.  These  vibrators,  described 
in  References  *+  and  5,  were  developed  at  the  California  Institute  of 
Technology,  Pasadena,  California,  under  the  supervision  of  the  Earth- 
quake Engineering  Research  Institute  for  the  Office  of  Architecture 

and  Construction,  State  of  California.  A horizontal  sinusoidal  force 
is  generated  by  two  counterrotating  eccentric  weights  contained  in  bas- 
kets which  revolve  about  a vertical  shaft.  The  force  output  is  con- 
trolled by  varying  the  weight  in  each  rotating  basket  and  the  speed  of 
the  operation.  Plate  3,  taken  from  Reference  5,  gives  complete  response 
curves  of  the  vibrator  for  various  weights.  The  maximum  force  of 
5000  lb  is  obtainable  at  frequencies  of  2. 5-9- 7 Hz,  while  at  the  lower 
limit  of  0.5  Hz,  the  force  is  200  lb.  The  vibrator  is  shown  attached 
to  the  dam  in  Figure  3. 

6.  The  electric  drive  and  speed  control  system  consists  of  a 
1-1/2-hp  d-c  drive  motor  used  in  conjunction  with  a servo-controlled 
electronic  amplidyne  unit.  A tachometer,  driven  by  the  d-c  motor, 
supplies  a speed  signal  to  an  electronic  counter.  This  signal,  300 
times  the  basket  frequency,  is  compared  with  a reference  signal;  the 
difference  provides  an  input  signal  to  the  amplidyne  amplifier,  which 
adjusts  the  drive  motor  speed.  The  frequency  control  of  this  system  is 
0.1  percent,  and  stable  operation  is  possible  for  structures  with 
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damping  as  low  as  0.5  percent  of  critical.  The  vibrator  and  electronic 
control  unit  are  shown  in  Figure  4. 


Figure  3.  Vibrator  used  to  excite  prototype  dam 


Figure  4.  Vibrator  and  electronic  control  console 
in  place  on  dam  crest 


7*  Two  or  more  vibrators  may  be  run  in  phase  or  180  deg  out  of 
phase.  A master  control  unit  drives  a selsyn  transmitter  from  the  drive 
motor,  and  a selsyn  receiver  is  attached  to  the  drive  motor  of  each 
separate  vibrator.  Any  difference  in  angular  position  between  the 
master  and  slave  units  produces  a position  error  signal.  This  signal 
is  then  applied  to  the  input  of  the  amplidyne  amplifier,  which  adjusts 
the  slave  unit  speed.  Thus,  synchronization  is  maintained  by  both  a 
velocity  and  a position  control  system. 

Instrumentation 

8.  Both  radial  and  tangential  motion  of  the  dam  was  measured  with 
Statham  Model  Ah  accelerometers,  shown  on  the  dam  crest  in  Figure  5 and 


Figure  5*  Accelerometers  used 
to  measure  motion  of  dam 


being  mounted  on  the  dam  face  in  Figure  6.  These  transducers  use  an  un- 
bonded, balanced,  fully  active  strain-gage  bridge,  and  have  a natural 
frequency  of  approximately  15  Hz  and  a damping  ratio  of  0.7  + 0.1  percent 
of  critical  at  room  temperature.  Signals  from  the  accelerometers  were 
amplified  by  a Validyne  CD  90  Amplifier  System  before  being  recorded  by 
a Honeywell  1858  Graphic  Data  Acquisition  System  on  8-in. -wide  light- 
sensitive  paper.  The  amplifier  and  recorder  are  shown  in  Figure  7. 
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9.  Hydrodynamic  pressures  on  the  upstream  face  of  the  dam,  caused 
by  the  forced  vibrations,  were  measured  by  lowering  a transducer  into 
the  reservoir.  The  pressure  cell,  Kistler  Model  No.  206M111,  shown  in 
Figure  8,  does  not  detect  hydrostatic  pressure,  has  a flat  frequency 
response  from  1 to  1000  Hz,  and  has  a sensitivity  of  approximately 
100  mv/psi.  Signals  from  the  transducer  were  amplified  by  a Burr-Brown 
3088/16  amplifier  and  recorded  on  the  Honeywell  recorder. 


Figure  8.  Pressure  cell  used  for  measuring 
hydrodynamic  pressures 


PART  III:  TESTS  CONDUCTED 


10.  Instrumentation  and  vibrator  locations  on  the  dam  are  shown 
in  Plate  U.  The  master  vibrator  was  placed  h ft  from  sta  6 and  the 
slave  unit  1*  ft  from  sta  10.  Steel  frames  were  secured  to  the  dam  crest 
by  six  l-in.-diam,  12-in. -long  bolts  anchored  in  the  concrete.  The 
vibrators  were  bolted  to  the  frames  and  oriented  so  that  radial  forces 
were  applied  to  the  dam.  The  vibrators  were  run  both  in  phase  and  180 
deg  out  of  phase  in  order  to  excite  all  modes. 

Resonant  Frequency  Tests 

11.  Frequency  sweep  tests  were  conducted  with  accelerometers  lo- 
cated at  sta  6,  8,  and  10  measuring  radial  motion.  The  vibrator  speeds 
were  increased  in  small  increments  from  3-5  to  9.25  Hz  with  acceleration 
readings  taken  at  each  frequency  step.  For  each  reading,  the  vibration 
response  was  given  sufficient  time  to  become  steady  state  before  the 
data  were  recorded.  Plots  showing  acceleration  versus  frequency  were 
made  and  resonant  frequencies  determined  for  each  peak  amplitude.  For 
higher  resolution,  tests  were  rerun  with  the  frequency  interval  steps 
near  resonance  taken  as  small  as  the  vibrator  speed  control  permitted. 

In  regions  away  from  resonance  the  steps  were  relatively  large. 

Mode  Shape  Tests 

12.  After  resonant  frequencies  had  been  identified,  mode  shape 
tests  were  conducted.  Shapes  of  the  crest  and  of  the  cantilever  sections 
at  sta  6,  8,  and  10  were  found  for  modes  2-5.  Measurements  to  determine 
the  deflected  crest  shapes  were  made  in  the  radial  and  tangential  direc- 
tions at  each  station  ( 50-ft  intervals).  For  the  cantilever  sections, 
measurements  were  made  at  U5-ft  intervals.  Due  to  an  insufficient  num- 
ber of  accelerometers  and  recorder  channels,  data  at  all  points  could 
not  be  taken  simultaneously.  After  recording  the  response  of  a number 

of  locations,  the  vibrators  were  stopped,  accelerometers  were  shifted 
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to  new  positions,  and  the  structure  was  again  excited  at  the  same 
resonant  frequency.  This  procedure  was  repeated  until  the  response 
at  all  points  on  the  dam  for  each  resonant  frequency  had  been 
determined . 

13.  In  using  roving  transducers  to  obtain  mode  shape  data,  a 
reference  point  must  be  maintained.  All  other  measurements  are  thus 
relative  to  the  reference.  Such  relative  data  are  necessary  so  that 
the  amplitude  and  phase  of  each  measurement  can  be  adjusted  to  a con- 
stant modal  amplitude.  Both  static  and  cross  calibration  procedures 
were  employed.  Static  calibration  was  performed  by  placing  each 
accelerometer  on  an  inclined  plane  which  corresponded  to  a 0.2-g  input. 
The  amplifier  gain  was  then  turned  up  to  a sensitivity  of  0.001  g per 
inch  of  chart  amplitude.  A cross  calibration  was  accomplished  by 
placing  all  accelerometers  at  sta  6 and  recording  each  response  to  the 
common  input  motion.  These  calibrations  were  performed  twice  each  day, 
before  and  after  tests. 

Other  Tests 

14.  Hydrodynamic  pressure  measurements  were  taken  for  each  res- 
onant frequency  at  sta  6,  8,  and  10.  A pressure  transducer  was  lowered 
down  the  upstream  face  of  the  dam,  and  dynamic  pressures  were  recorded 

at  various  elevations.  The  transducer,  enclosed  in  a watertight  housing, 
was  attached  to  a length  of  1/4-in. -diam  rope.  Due  to  the  upstream 
curvature  of  the  dam,  as  the  transducer  was  lowered,  contact  with  the 
dam  was  maintained  at  all  times. 

15.  Sonic  vibration  measurements  were  made  at  two  locations  near 
the  south  abutment.  Two  readings  were  taken  across  the  crest  and  two 
across  a pier  to  determine  the  seismic  velocity  through  the  concrete. 
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PART  IV:  TEST  RESULTS 

1 6.  All  data  were  reduced  from  the  raw  recorded  signals  by 
personnel  of  UC.  These  data,  as  well  as  a general  description  of  the 
test  procedure,  were  furnished  to  WES  in  the  form  of  a data  report, 
Reference  6. 


Frequency  Response 

IT.  Accelerometers  were  located  at  sta  6,  8,  and  10  for  the  res- 
onant frequency  searches.  The  output  records  at  sta  8 were  used  in 
locating  resonant  frequencies  for  the  in-phase  tests,  and  the  records 
at  sta  6 and  10  were  used  for  the  out-of-phase  tests.  For  the  initial 
test  series,  the  frequency  was  slowly  varied  from  3.5  Hz  up  to  a maximum 
of  9.25  Hz.  For  these  and  all  other  tests,  the  vibrators  were  run  with 
either  empty  baskets  or  load  SI  (Plate  3),  resulting  in  an  output  force 
of  1000-5000  lb  per  vibrator. 

l8.  After  the  general  range  of  the  resonant  frequencies  had  been 
identified  in  the  initial  tests,  a more  detailed  frequency  search  was 
conducted.  The  results  of  these  tests  are  presented  in  Plate  5,  as 
frequency  response  curves,  and  in  Tables  1-5.  The  harmonic  acceleration 
data  recorded  during  the  tests  were  normalized  to  account  for  the  chang- 
ing force,  which  is  a function  of  the  frequency  squared.  The  data 
presented  in  Plate  5 were  obtained  from  the  relation: 


l+iT2f2F 


where 


A = peak  displacement  amplitude,  in. /kip,  symmetric  modes,  and 
in./kip-ft,  asymmetric  modes 

a = peak  acceleration  amplitude,  g's 

2 

g = gravitational  constant,  386. k in. /sec 
f = excitation  frequency,  cycles/sec 
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F = excitation  force,  symmetric  modes,  or  couple,  asymmetric 
modes,  kips  or  kip-ft,  respectively 

Magnitudes  of  the  input  forces  were  computed  from  the  relations  given  in 
Reference  5*  The  response  curves  shown  are  best-fit  curves  through  data 
points  obtained  from  several  test  runs.  From  these  curves,  the  first 
four  resonant  frequencies  excited  were  5-75,  6.30,  7-5^,  and  8.U0  Hz. 
Plate  5 shows  data  from  sta  6 for  the  5-7 5—  and  7-5^-Hz  curves  and  data 
from  sta  8 for  the  6.30-  and  8.40-Hz  curves. 

Mode  Shapes 

19.  Once  the  natural  frequencies  had  been  identified,  tests  were 
run  dwelling  ut  each  frequency  while  recording  acceleration  at  every 
station.  It  should  be  noted  that  the  resonant  frequencies  determined  at 
the  test  site  and  used  for  the  dwell  tests  were  5-80,  6.30,  7*62,  and 
8.53  Hz.  These  frequencies,  obtained  from  acceleration  versus  frequency 
plots,  are  slightly  different  from  those  determined  using  the  more  de- 
tailed normalized  response  curves  from  Plate  5.  However,  the  difference 
in  frequency  is  too  slight  to  alter  the  mode  shapes  appreciably.  The 
shapes  determined  from  the  dwell  tests  are  presented  in  Plate  6 for  the 
crest  and  Plates  7 and  8 for  cantilever  sections  at  sta  6,  8,  and  10. 
These  shapes  are  normalized,  showing  only  the  relative  response  of  each 
position  on  the  dam  for  a particular  frequency,  i.e.,  the  station  having 
the  largest  response  amplitude  at  each  frequency  was  given  a value  of 
+1.0.  Due  to  an  insufficient  number  of  gages  to  map  the  entire  struc- 
ture simultaneously,  several  tests  were  run  at  each  frequency  as  the 
gages  were  moved  to  different  locations.  For  all  tests  the  gage  at 
sta  6 was  maintained  as  a reference  and  all  other  data  were  adjusted 
relative  to  the  readings  at  sta  6.  A summary  of  the  mode  shape  data  is 
given  in  Tables  6-12. 


20.  Damping  capacities  are  shown  on  the  frequency  response  curves 
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and  varied  from  approximately  2 to  5 percent  of  critical.  The  bandwidth 
method,  as  shown  below,  was  used  to  determine  the  damping  values: 


where  C/C is  the  damping  ratio,  Af  the  difference  in  frequency  of 
the  two  points  on  a resonance  curve  with  amplitudes  0.707  of  the  res- 
onant amplitude,  and  f the  resonant  frequency.  Theoretically,  the 
damping  ratio  C/C  ^ relation  is  applicable  only  to  the  displacement- 
resonance  curve  of  a linear,  single-degree-of-freedom  system  with  a 
small  amount  of  viscous  damping.  However,  it  has  been  widely  used  for 
systems  other  than  that  for  which  it  was  derived,  and  has  become 
accepted  as  a reasonable  measure  of  damping.  Furthermore,  for  large 
structures  it  is  sufficient  to  express  the  damping  ratio  in  a range, 
such  as  1-2  percent,  2-5  percent,  5-10  percent,  etc.,  rather  than  as  an 
exact  percentage. 

Hydrodynamic  Pressures 

21.  Hydrodynamic  pressure  measurements,  made  at  sta  6,  8,  and  10, 
are  presented  in  Plates  9,  10,  and  11,  as  pressure  versus  depth  curves, 
and  in  Tables  13-15-  These  measurements  were  made  while  dwelling  at  the 
resonant  frequencies  with  a pressure  transducer  lowered  down  the  up- 
stream face  of  the  dam.  Readings  could  not  be  obtained  at  full  depth 
due  to  approximately  30  ft  of  buildup  of  silt  and  debris. 
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Sonic  Tests 


22.  Sonoscope  readings  were  taken  at  two  locations  near  the  south 
abutment.  Two  measurements  made  at  the  sta  2 tower  indicated  an  average 
seismic  velocity  of  15,300  ft/sec.  From  two  measurements  through  the 
crest  the  average  was  11,500  ft/sec. 
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PART  V:  DISCUSSION  OF  RESULTS 


Natural  Frequencies 

23.  Natural  frequencies  determined  for  a 3-D  finite  element  anal- 
ysis and  vibration  tests  of  a l/2h- scale  model  (Reference  3)  together 
with  the  prototype  test  results  are  presented  in  Table  l6.  Comparison 
of  these  results  indicates  variations  in  measured  frequencies  for  the 
model  and  prototype  ranging  from  approximately  3 percent  for  the  third 
and  fourth  modes  to  approximately  25  percent  in  the  second  mode.  The 
reasons  for  these  variations  in  model  and  prototype  frequencies  can  be 
attributed  to  the  combined  effects  of  several  parameters.  These  param- 
eters include  accurate  representation  of  prototype  geometry,  boundary 
conditions,  material  properties,  and  test  procedures.  Of  specific 
interest  is  the  fact  that  the  aeration  piers  on  the  prototype  dam  crest 
(Figure  2)  were  not  provided  on  the  model.  Also,  the  respective  weights 
of  the  model  and  prototype  vibrators  do  not  correspond  with  those  values 
that  would  be  obtained  by  use  of  the  model  scale  factor.  Since  these 
eccentric  masses  (i.e.,  aeration  piers  and  vibrators)  are  located  on  the 
dam  crest,  their  effects  on  natural  frequencies  could  be  significant. 
Also,  the  extensional  mode  (Mode  1,  Table  16)  was  not  detected  during 
the  model  or  prototype  test  but  was  indicated  by  the  finite  element 
analysis  to  be  very  close  to  the  first  asymmetric  mode  (Mode  2, 

Table  l6).  Such  clustering  of  modes  could  present  problems  in  the  sta- 
bility of  the  first  measured  modal  response  and,  therefore,  decrease  the 
tolerances  of  the  test  data  for  this  first  measured  mode. 

2U.  Accuracy  of  the  finite  element  predictions  for  natural  fre- 
quencies is  very  good  as  indicated  in  Table  l6.  Based  on  the  prototype 
test  results,  the  error  in  the  finite  element  predictions  ranged  from 
less  than  one  percent  for  modes  3 and  k to  11.6  percent  for  mode  2. 
Finite  element  predictions  were  very  sensitive  to  the  inclusion  of  the 
foundation  in  the  analysis.  Comparisons  of  fixed-base  predictions  with 
those  of  the  foundation  indicate  variations  of  22-33  percent  in  the 
first  four  natural  frequencies.  Details  of  the  finite  element  analysis 
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used  for  these  predictions  are  presented  in  Reference  3. 


Mode  Shapes 

25-  Comparisons  of  mode  shapes  from  analysis  and  model -prototype 
test  results  can  be  made  from  Plates  12,  13,  and  lh.  In  general,  these 
comparisons  are  quite  good.  An  important  factor  influencing  mode  shapes 
is  the  similarity  in  fixity  at  the  abutments  of  the  model  and  prototype. 
This  boundary  condition  is  difficult  to  model  both  physically  and  an- 
alytically. However,  based  on  the  results  presented  in  Plates  12-1 1+ 
fixity  tends  mainly  to  shift  the  node  points  along  the  crest  with  the 
effect  being  less  for  the  lower  modes. 

Damping 

26.  Damping  in  the  prototype  ranged  from  2.5  to  h.Q  percent  of 
critical  with  the  lower  value  occurring  in  the  third  mode  and  the  higher 
value  in  the  fifth  mode.  Damping  in  the  first  asymmetric  mode  was 
measured  at  b.3  percent.  All  damping  calculations  for  the  prototype  dam 
were  based  on  the  bandwidth  method,  as  previously  discussed.  Damping 
for  the  model  was  determined  by  the  log  decrement  method  with  values 
ranging  from  2 to  5 percent  of  critical.  These  damping  ratios  are 
consistent  with  expected  values  both  for  the  model  and  prototype. 

Hydrodynamic  Pressures 

27.  Hydrodynamic  pressures  are  presented  as  a function  of 
excitation  frequency  and  dam  height  in  Plates  9 and  10.  The  increase 
in  pressure  near  the  top  of  the  dam  at  sta  8 indicates  the  flexibility 
of  the  dam  in  this  region.  The  correlation  of  pressure  measurements 
made  on  the  model  when  excited  by  a base  force  input  and  those  predicted 
using  Westergaard ' s theory  are  quite  good  (Reference  3). 

28.  The  pressures  measured  in  the  prototype  tests  with  those 
in  the  model  tests  for  crest  excitation  can  be  observed  in  Plate  11. 


20 


The  actual  hydrodynamic  pressures  are  presented  in  Plate  11  at  two  crest 
station  locations  and  three  frequencies  of  excitation.  It  should  be 
mentioned  that  the  model  and  prototype  were  excited  at  harmonic  force 
levels  that  are  not  directly  proportional  to  the  appropriate  scale 
factor;  consequently,  the  measured  pressures  are  not  scaleable.  There- 
fore, the  pressures  presented  in  Plate  11  should  not  be  compared  on  the 
basis  of  absolute  values  but  rather  on  similarities  in  the  patterns  of 
the  model  and  prototype  values  over  the  normalized  height  of  the  dam. 

As  discussed  in  Reference  3,  the  increase  in  pressures  in  the  more 
flexible  upper  part  of  the  dam  is  evident  by  observing  Plate  11. 


PART  VI:  CONCLUSIONS 


29.  Based  on  cost  and  accuracy  of  predictions,  model  tests  are 
very  attractive  in  studying  vibration  characteristics  of  dams.  The 
first  four  natural  frequencies  determined  from  model  tests  were  within 
0.1-25  percent  of  those  measured  on  the  prototype.  Also,  model  tests 
provide  an  effective  means  for  studying  the  interaction  of  a dam  with 
its  reservoir  and  its  foundation.  Magnification  of  hydrodynamic  pres- 
sures, as  reported  in  Reference  3,  due  to  dam  flexibility  should  be 
considered  in  aseismic  design  of  dams. 

30.  Linear  finite  element  analyses  can  be  very  accurate  in  pre- 
dicting vibration  characteristics  for  concrete  arch  dams.  Accuracy  in 
the  range  of  0.5-11.6  percent,  as  indicated  in  Table  16,  is  exceptionally 
good  for  large  complex  structures  such  as  arch  dams.  Also,  finite  ele- 
ment analyses  are  invaluable  in  providing  a means  for  studying  para- 
meteric  effects  such  as  structure-foundation  interaction  and  clustering 
of  natural  frequencies. 

31.  The  model  test  results  indicate  that  until  a more  sophisti- 
cated method  for  including  hydrodynamic  interaction  is  developed, 
Westergaard' s procedure,  rationally  applied,  provides  reasonable  results. 
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Table  1 


Frequency  Response  Data:  Sta  6,  Basket  Load  Empty, 

Vibrators  out  of  Phase,  Run  1 


Frequency 

Hz 


5.33 
5.1+2 

5.50 
5.58 
5.67 

5.75 

5.83 

5.92 

6.00 

6.08 

6.17 

6.25 

6.33 

6.1+2 

6.50 


n.v.  - ■ mr  ~ *■  _ _ ..ji 


! 

* 

* 


0.001  pi's 

3.2U 

3.67 

U.36 

5.17 

6.13 

7.21+ 

7.28 

6.55 

5.85 

5-15 

1+.1+1+ 

3.50 

3.05 

2.38 

2.1+9 


A 

gin. /kip- ft 

1.73 
1.82 
2.01+ 
2.29 
2. 51+ 

2.81+ 

2.70 

2.29 

I.9I+ 

1.62 

1.31 

O.98 

0.82 

0.60 

0.60 


5.  IT 

U.71 

1.55 

5.25 

5.37 

1.66 

5.33 

6.15 

1.80 

5.U2 

7.2 

1.97 

5.50 

8.7 

2.24 

5.58 

10.38 

2.52 

5.67 

12.50 

2.85 

5.70 

13.28 

2.96 

5.73 

14.03 

3.07 

5.77 

14.2 

3.02 

5.80 

13.85 

2.89 

5.83 

13.85 

2.82 

5.87 

13.55 

2.69 

5.90 

13.01 

2.55 

5.92 

12.85 

2.46 

5.93 

12.85 

2.45 

5.97 

12.3 

2.28 

6.00 

11.8 

2.15 

6.08 

10.4 

1.79 

6.08 

10.55 

1.82 

6.25 

8.8 

1.36 

6.33 

6.8 

1.0 

6.1*2 

6. 63 

0.92 

6.50 

5.98 

0.79 

Run  3 

5.50 

8.34 

2.15 

5.53 

8.98 

2.26 

5.57 

9.60 

2.35 

5.60 

10.33 

2.47 

5.63 

10.95 

2.57 

5.67 

11.85 

2.70 

5.70 

12.65 

2.82 

5.73 

13.12 

2.87 

5.77 

13.22 

2.8l 

5.80 

13.15 

2.74 

(Continued) 
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Table  2 (Concluded) 


5.83 

5.87 

5.90 

5.93 

5.97 


13.05 

2.66 

12.80 

2.5^ 

12.68 

2.1*7 

12.20 

2.32 

11.90 

2.21 

6.00 

6.07 

6.13 

6.20 

6.27 


11.52 

2.09 

10.52 

1.83 

9.10 

1.52 

7.78 

1.2U 

6.95 

1.06 

Table  3 (Concluded) 


Frequency 

Hz 

a 

0.001  g's 

A 

uin. /kip 

Run  5 (Continued) 

6.1*7 

h.Oh 

136 

6.50 

3.67 

121 

6.53 

3.1+0 

110 

6.57 

3.17 

100 

6.  Go 

2.96 

92 

6.63 

2.85 

87 

6.67 

2.69 

80 

0.  l8 

7.27  1.24  0.19 
7.30  1.1*1  0.21 
7.33  1.66  0.25 
7.37  1.70  0.25 


7.U2 

2.16 

0.31 

7.50 

2.51 

0.31* 

7.53 

2.61 

0.35 

7.57 

2.72 

0.36 

7.60 

2.82 

0. 36 

7.63 

2.8l 

0.36 

7.67 

2. 71* 

0.31+ 

7.70 

2.66 

0.32 

7.73 

2.76 

0.33 

7.77 

2.57 

0.30 

7.80 

2.61* 

0.31 

7.83 

2.53 

0.29 

7.92 

2.38 

0.26 

8.00 

1.75 

0.18 

Run  7 

7.17 

2.26 

0.37 

7.20 

2.57 

0.1*1 

7.23 

2.76 

0.1*3 

7.27 

3.18 

0.1*9 

7.30 

3.35 

0.51 

7.33 

3.62 

0.5l* 

7.37 

3.98 

0.58 

7.1*0 

1*  .15 

0.59 

7.1*2 

1*  • 15 

0.59 

7-1*3 

U - 35 

0.61 

7.1*7 

1* . 61 

0.61* 

7.50 

5.02 

0.68 

7.53 

5.05 

0.  o7 

7-57 

5.32 

0.70 

7-58 

5.32 

0.69 

7.60 

5.11* 

C.  66 

* 

* 


(Continue! ) 


Table  4 (Concluded) 


Frequency 

Hz 


a 

0.001  g's 
Run  7 (Continued) 


A 

pin. /k 1 ; —ft 


7.63  5.61  0.71 

7.67  5.13  0.61+ 

7.75  U.8I4  0.58 

7.83  1+.1+8  0.51 


7.92  U.07  0. UU 

8.00  1+ . 12  0.1+3 


Run  8 


6.92 

7.00 

7.08 

7.17 

7.25 


0.82 

0.15 

1.36 

0.21+ 

2.01 

0.31+ 

2.69 

0.1+1 

3.7 

0.57 

7.33 

7.1+2 

7.50 

7.58 

7.67 


I+.87 

0.72 

6.51 

0.92 

7.32 

0.99 

7.02 

0.91 

6.1+9 

0.80 

7.75  6.02  0.72 
7.83  5.5  0.68 
7.92  5.57  0.6l 
8.00  U.89  0.51 


Table  5 

Frequency  Response  Data:  Sta  8,  Vibrators  in  Phase 


Runs  9 and  10 


Frequency 

a 

A 

Hz 

0.001  g's 

yin. /kip 

Run  9,  Basket  Load  SI 


8.20 

8.85 

90 

8.27 

9.73 

96 

8.33 

10.88 

101* 

8.1*0 

11.73 

109 

8.1*7 

12.20 

109 

8.50 

12.1*0 

no 

8.53 

12.33 

107 

8.57 

12.28 

105 

8.60 

12.35 

101+ 

8.63 

12.20 

101 

8.67 

11.88 

97 

8.73 

11.55 

92 

8.80 

11.30 

87 

8.87 

11.20 

83 

8.93 

10.65 

77 

9.00 

10.35 

73 

Run  10,  Basket  Load  Empty 


7.87 

1+.65 

56 

7.93 

5.1*6 

61* 

8.00 

6.51 

73 

8.07 

7.78 

85 

8.13 

9.05 

96 

8.20 

10.28 

105 

8.27 

11.1*5 

113 

8.33 

12.18 

117 

8.1*0 

12.78 

118 

8.1+7 

12.83 

115 

8.53 

12.70 

111 

8 . 60 

12.25 

103 

8.67 

11.78 

96 

8.73 

11.50 

91 

8.80 

11.18 

86 

8.87 

10.90 

81 

8.93 

10.63 

77 

9.00 

10.U8 

7»* 

Table  6 

Summary  of  Crest  Mode  Shape  Data 
f = 5.80  Hz 


Relative  Amplitude  for  Run  No. 


9/2?M 

9/30/71+ 

10/1/71+ 

10/2/71* 

Sta 

2 

3 

5 

12 

13 

16 

Avr. 

1R 

0 

0 

0 

IT 

0 

2R 

0 

0 

0 

2T 

-0.01 

-0.01 

3R 

-0.02 

-0.02 

-0.01 

-0.02 

-0.02 

3T 

-0.01 

-0.01 

-0.01 

3-1/2R 

+0.02 

+0.02 

+0.02 

3-1/2T 

— 

1+R 

0.08 

0.08 

0.07 

0.08 

0.08 

It 

-0.03 

-0.03 

-0.03 

1+-1/2R 

0. 21+ 

0.21+ 

1+-1/2T 

-0.02 

-0.02 

5R 

0.50 

0.1+9 

0.51 

0.53 

0.52 

5T 

-0.02 

-0.03 

+0.02 

-0.02 

5-1/2R 

0.75 

O.76 

0.76 

5-1/2T 

0.06 

0.06 

6r 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

6t 

0.09 

0.11 

0.12 

0.11 

0.08 

0.08 

0.10 

6-1/2R 

0.83 

0.83 

6-1/2T 

— 

TR 

0.55 

0.57 

0.59 

0.59 

7T 

0.15 

0.13 

O.lU 

T-1/2R 

0.12 

0.12 

7-1/2T 

— 

8R 

-0.39 

-0.U1 

-0.35 

-0.31+ 

-0.39 

-0.1+0 

-0.37 

-0.38 

8T 

0.17 

0.18 

0.11 

0.15 

0.15 

0.16 

0.15 

0.16 

8-1/2R 

-0.69 

-0.69 

8-1/2T 

0.12 

0.12 

9R 

-0.85 

-0.88 

-0.87 

9T 

O.lU 

o.ol* 

0.09 

10R 

-0.59 

-0.62 

-0.52 

-0.60 

-0.60 

10T 

-0.05 

0.01 

+0.02 

0.02 

0.03 

HR 

-O.lU 

-0.11+ 

-O.lU 

11T 

-0.02 

-0.03 

-0.03 

12R 

0.01 

0.01 

12T 

-0.01 

-0.01 

13R 

0 

0 

13T 


Table  7 

Summary  of  Crest  Mode  Shape  Data 


■ = 6.30  Hz 


Table  8 

Summary  of  Crest  Mode  Shape  Data 


= 7.63  Hz 


Relative  Amplitude  for  Run  No. 

9/30/7V  10/1/7**'  10/2/7^ 

5 "6  12  13  15“ 


1R 

0 

0 

0 

IT 

— 

— 

2R 

0 

0 

0 

2T 

— 

— 

3R 

0.05 

-0.05 

0.0U 

0.0U 
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